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A
bstract

Lithium
covered

w
alls,

conform
alto

the
plasm

a
surface,

represent
a

new
,

“LiW
all”,

concept
for

solving

the
problem

ofthe
“firstw

all”
for

both
the

nextstep
tokam

aks
and

the
tokam

ak
reactors.

From
the

tech-

nicalpoint
of

view
,

this
concept

relies
on

distribution
of

the
pow

er
and

particle
flux

over
the

large
w

all

surface,
thus,

dram
atically

enhancing
totalpow

er
and

particle
extraction

capabilities
of

the
m

achines.

In
term

s
of

the
plasm

a
physics,

LiW
alls

m
ay

utilized
a

new
,

low
recycling

regim
es

w
ith

the
high

tem
-

perature
pedestal

at
the

plasm
a

edge,
flattened

tem
perature

profiles,
suppressed

therm
o-conduction

and
enhanced

stability
(due

to
flattened

q-profiles
and

presence
of

the
conducting

w
allat

the
plasm

a

boundary).
A

t
the

research
stage,

such
a

confinem
ent

regim
e

m
ay

be
studied

on
tokam

aks
w

ith
the

(solid)
lithium

coated
copper

shells
(w

ith
a

specialinterface
layer).

For
the

tokam
ak

reactors,
LiW

alls

lead
to

a
new

,“Yachtsail”design
approach

w
ith

a
dynam

ically
balanced

firstw
all,intense

plasm
a

facing

(liquid)
lithium

stream
s

and
the

F
LiB

e
neutron

energy
absorbing

blanketlayer.
Ifdeveloped,this

design

w
ould

significantly
reduce

the
am

ount
of

activated
structuralelem

ents
in

the
neutron

zone
and

m
ake

acceptable
a

pulsed
tokam

ak
reactor

regim
e.

S
upporting

m
aterialfor

the
talk

can
be

found
on

the
w

eb-page
http://w

3.pppl.gov/~zakharov
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1
Introduction

Liis
an

excellentgetter
for

the
hydrogen

plasm
a

particles.

P
lasm

a

E
nergy flux:

convection

External Particle source

External heating

Li covered w
alls

source
E

nergy

W
all

residual w
all particle source

P
article outflux

w
all Li source

source
E

nergy External heating

P
lasm

a

w
alls

C
onventional

E
N

E
R

G
Y

 F
LU

X
 :

convection

T
E

R
M

O
-C

O
N

D
U

C
T

IO
N

P
article outflux

W
all particle source +

 gas puff

im
purities (Z

 >
 Z

 of Li)

Lithium
can

be
propelled

along
the

w
alls

for
pow

er
and

particle
extraction.
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1
Introduction

(cont.)

T
he

concept
of

LiW
alls

relies
on

lithium
covered

w
alls

conform
alto

the
plasm

a
(no

divertor)

P
lasm

a

E
lectron and ion edge

com
parable

tem
peratures are

S
heet layer

W
all

G
ood absorpsion

by the w
all

P
lasm

a

W
all

S
heet layer

Low
 electron edge

tem
perature

F
ull reflection

as a neutral

S
heet

potential
near

the
w

alls
is

determ
ined

by
the

electron
energy,

$%& '() * + .
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1
Introduction

(cont.)

,
P

hysics
goal

- .'
./0 1 23

[43 56798
:.keV .sec]

; 4<4=

or

> .? 5./0 1 @
A
>CB
3 <3D

- .'? 5 <

; 4<E
=

A
tpresent,one

lane
road,tow

ard
increase

in/0

.
N

ota
reactor

w
ay.

FGIHJ+KL B
2 $MONPJQP/0
<

; 4<&=

LiW
alls

put
a

conducting
w

all
right

at
the

plasm
a

edge
and

open
a

road
to

fusion
reactor

w
ith> 1 43R

.

,

C
onfinem

ent:
peaked

tem
perature,saw

tooth
oscillations,Troyon

lim
it,

turbulenttransport,necessity
in

controlling
profiles.

LiW
alls

rely
on

the
low

recycling
regim

e,high
edge

tem
perature,flat-

tened
tem

perature,
suppression

(elim
ination)

of
the

turbulent
trans-

port.
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1
Introduction.

N
ew

environm
entfor

the
plasm

a
control(cont.)

LiW
alls

m
ake

external
plasm

a
M

H
D

control
com

patible
w

ith
the

fu-
sion

reactor:

B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil T
F

C
I

B
tor

Li stream

Li stream

V

H
e atm

osphere

F
irst w

all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

F
eedback stabilization plates

S

“passive”
conducting

shell
rightatthe

plasm
a

boundary
;

S

protection
of

feedback
stabi-

lization
plates

from
14

M
eV

neutrons;

S

accessibility
to

feedback
sta-

bilization
plates;

S

no-conducting
structures

be-
tw

een
feedback

plates
and

conducting
shell;

S
additionalstabilization

by
the

lithium
stream

s
(for

free);
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1
Introduction

(cont.)

,
D

ivertorlim
its

the
pow

erextraction
by

concentrating
pow

erdeposition
(average

w
allload

in
IT

E
RT

1M
W

/m 5

).

C
apacities

of
LiW

alls
(w

ith
distributed

pw
oer

deposition)
exceed

re-
actor

requirem
ents

(%

15
M

W
/m 5).

,

N
eutron

flux
deteriorates

m
echanicalproperties

ofthe
high-Z

plasm
a

facing
com

ponents
and

blanket
structure.

It
produces

a
long

lasting
activation.

In
LiW

alls
the

firstw
allconsists

offastplasm
a

facing
lithium

stream
s

and
liquid

F
LiB

e
blanket(notdam

agable
and

non
activatable).

"Yachtsail"
design

approach
m

inim
izes

use
ofhigh-Z

structuralcom
-

ponents.
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2
B

asic
properties

oflithium

Lithium
:

1.*
A

tom
ic

m
ass

6.941
2.*

M
ass

density
at600

0.495

UVQXW

halfofw
ater

3.*
M

elting
tem

perature
180.54Y K

4.*
B

oiling
tem

perature
1347Y K

5.**
C

onductivityZ
at600 K

K
3.4 .10 [

�\�]Q

1/17.5
ofcopper

6.*
H

eatcapacity^M
at600 K

K
4253

_`U ]a

like
w

ater
7.**

T
herm

alcond.bc
at600 K

K
47.6

dQ ]a

1 e
dQgf

atT
’=

210 K) ^7

8.*
M

elting
heath Q(Ni

0.432bj) k

30
%1

than
w

ater
9.**

V
iscosityl

at600 K
K

0.42 .10 8
:Fm .n

like
w

ater
10.*

S
urface

tension
at600 K

K
0.339 oQ

[*]
“H

andbook
of

P
hysicalQ

uantities”,
E

d.
by

Igor
S

.G
rigoriev

and
E

vgenii
Z

.
M

elnikov,
R

ussian
R

e-

search
C

enter
“K

urchatov
Institute”,

M
oscow

,
R

ussia.
C

R
C

press,
B

oca
R

aton,
N

ew
York,

London,

Tokio
(IS

B
N

0-8493-2861-6)

[**]
"H

andbook
of

T
herm

odynam
ic

and
Transport

P
roperties

of
A

lkaliM
etals",

E
ditor

R
oland

W
.

O
hse,

B
lackw

ellS
cientific

P
ublications,

O
xford,

London,
E

dinburgh,
B

oston,
P

alo
A

lto,
M

elbourne
(IS

B
N

0-

632-01447-4).
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2
B

asic
properties

oflithium
(cont.)

D
erived

properties
ofLithium

:

1.
V

olum
e

density-p+

46.33 .10 5��VQqW

2.
S

urface
density r ostru

1.29 .10 �v�Qwf

3.
Line

density r ostrx
3.59 .10 y

�VQ

4.
T

hickness
ofa

m
onolayer

2.78 .10 8
z^7

F
ora

tokam
ak

w
ith

the
circular

cross-section
the

num
berofplasm

a
par-

ticles
com

pared
to

the
num

ber
ofLiatom

s
on

the
w

allsurface

{ B
E
|} |m 5A
~�PNN B
E
|} E
|mA
�M NPJQP B
� -(� {A

�p+ B
� �p+

�~
~

; E<4=

can
be

calculated
as

�QKLKNP� (�J
� �MONPJQP

�p+ B
� -(�

E
r ostru m B
& <D
� m� Q� � -(�� �6 f�� <

; E<E
=
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2
B

asic
properties

oflithium
.

D
euterium

im
plantation.

(cont.)

A
veraged

Ion
R

ange
O

fD
euterium

incidenton
D

-sat.
Lithium

(T
R

IM
calculations

w
ith

10000
flights

by
J.P.A

llain,U
niversity

ofIllinoice,
A

pril,2000)
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Deuterium Ion Distribution (atoms/Angstrom/ion)
A

verage Ion R
ange (A

ngstrom
s)

 D
euterium

 in D
-sat. Lithium

           R
ange =

 593 A
ngstrom

s
           S

traggling =
 251 A

ngstrom
s

           Incident energy =
 2 keV

           45 degree angle of incidence

0
200

400
600
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0
.
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0
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0
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0
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0
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0
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Deuterium Ion Distribution (atoms/Angstrom/ion)

A
verage Ion R

ange (A
ngstrom

s)

 D
euterium

 R
ange in D

-sat. Lithium

           R
ange =

 576 A
ngstrom

s
           S

traggling =
 246 A

ngstrom
s

           Incident energy: 1 keV
           45 degree incidence

1
keV

D
on

D
-satLi,A

verage
Ion

R
ange

=
576

A
2

keV
D

on
D

-satLi,A
verage

Ion
R

ange
=

593
A
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2
B

asic
properties

oflithium
.

D
euterium

im
plantation.

(cont.)

A
veraged

Ion
R

ange
as

a
function

ofprojectile
angle

ofincidence

(T
R

IM
calculations

w
ith

10000
flights

by
J.P.A

llain,U
niversity

ofIllinoice,
A

pril,2000)

0
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Average Ion Range (Angstroms)

P
rojectile angle of incidence (degrees)

 1 keV
 D

 on D
-sat. Lithium

 
 2 keV

 D
 on D

-sat. Lithium
T

R
IM

 calculations w
ith 10000 flights

A
verage

Ion
R

ange
A

ngle
at1

keV
at2

keV
0

677
A

605
A

45
576

A
593

A
65

458
A

547
A

F
or

1
keV

deuterium
ion

m
ore

than
150

Li
m

onolayers
participate

in
absorption.
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2
B

asic
properties

oflithium
.

S
puttering.

(cont.)

0.01

0.1 1

10
100

1000
10000

Incident P
article E

nergy (eV
)

Absolute Sputtering Yield of Li
(atoms/ion)

  

E
i (eV

)
Incident particle

E
n

ergy

D
+

 on D
-sat.

L
ithium

Y
n

 ± ∆
Y

n

D
+

 on D
-sat. L

iq.
L

ithium
Y

n
 ±

 ∆
Y

n
100

0.099 ±
 0.015

200
0.151 ±

 0.023
0.181 ±

 0.027
450

0.141 ±
 0.021

500
0.196 ±

 0.029
700

0.121 ±
 0.018

0.187 ±
 0.028

1000
0.144 ±

 0.022

Liquid Litium
, T

=
200 C

S
olid Litium

U
N

IV
E

R
SIT

Y
 O

F IL
L

IN
O

IS
A

T
 U

R
B

A
N

A
-C

H
A

M
PA

IG
N

I

D
+

 on D
-saturated S

olid and Liquid Lithium
 M

easurem
ents

(IIA
X

 D
ata, J.P

.A
llain &

 D
.N

.R
uzic)

45 degree incidence

P
lasm

a-m
aterial in

teractio
n

 G
ro

u
p

IL
L

IN
O

IS

D
+

sputtering
on

Li
(http://starfire.ne.uiuc.edu/iiax/iiax.htm

l,
page

33)
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2
B

asic
properties

oflithium
.

S
puttering.

(cont.)

H
e+

 on D
-saturated S

olid and Liquid Lithium
 M

easurem
ents

(IIA
X

 D
ata, J.P

.A
llain &

 D
.N

.R
uzic)

P
lasm

a-m
aterial in

teractio
n

 G
ro

u
p

0.01

0.1 1

10
100

1000
10000

Incident P
article E

nergy (eV
)

Absolute Sputtering Yield
(atoms/ion)

E
i (eV

)
Incident particle

E
n

ergy

H
e+

 on D
-sat.

L
ithium

Y
n

 ±
 ∆

Y
n

H
e+

 on D
-sat. L

iq.
L

ithium
Y

n
 ± ∆

Y
n

200
0.172 ±

 0.026
0.195 ±

 0.029
500

0.195 ±
 0.029

0.229 ±
 0.034

700
0.214 ±

 0.032
0.240 ±

 0.036
1000

0.194 ±
 0.029

0.203 ±
 0.030

45 degree incident
Liquid Lithium

, T
=

200 C

S
olid Lithium

IL
L

IN
O

IS
U

N
IV

E
R

SIT
Y

 O
F IL

L
IN

O
IS

A
T

 U
R

B
A

N
A

-C
H

A
M

PA
IG

N

I

H
e

sputtering
on

Li
(http://starfire.ne.uiuc.edu/iiax/iiax.htm

l,
page

34)
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2
B

asic
properties

oflithium
.

S
puttering.

(cont.)

Li on D
-saturated S

olid and Liquid Lithium
 M

easurem
ents

(IIA
X

 D
ata, J.P

.A
llain &

 D
.N

.R
uzic)

P
lasm

a-m
aterial in

teractio
n

 G
ro

u
p

0.01

0.1 1

10

10
100

1000
10000

Incident P
article E

nergy (eV
)

(atoms/ion)
Absolute Sputtering Yield of Li  

45 degree incidence,
Liquid Lithium

, T
=

200 C

S
olid Lithium

 

45 degree incidence,
 

 
 

  
 

E
i (eV

)
Incident particle

E
nergy

L
i+

 on D
-sat.

L
ithium

Y
n

 ±
 ∆

Y
n

L
i +

 on D
-sat. L

iq.
L

ithium
Y

n
 ± ∆

Y
n

200
0.228 ±

 0.034
0.315 ± 0.047

450
0.317 ±

 0.048
500

0.420 ± 0.063
700

0.314 ±
 0.047

0.450 ± 0.068
1000

0.202 ±
 0.030

0.276 ± 0.041

I
IL

L
IN

O
IS

U
N

IV
E

R
SIT

Y
 O

F IL
L

IN
O

IS
A

T
 U

R
B

A
N

A
-C

H
A

M
PA

IG
N

Lisputtering
on

Liis
less

than
1

(no
runaw

ay)
(http://starfire.ne.uiuc.edu/pm

i/IIA
X

%
20S

um
m

ary.pdf,
page

32)
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2
B

asic
properties

oflithium
.

E
vaporation.

(cont.)

T.D
.R

ognlien,
M

.E
.R

ensink
(LLN

L)
“Liquid-W

alls
Tem

perature
Lim

its”
(http://w

w
w

.td.anl.gov/A
LP

S
Info

C
enter/alps/rogn

im
pur.pdf,

A
LP

S
/A

P
E

X
M

eeting,A
rgonne

N
at.

Lab.,

M
ay

8-12,2000)
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¯C°�
±²³
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A

t· ¸
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�����
�  ¡½ ¬®

�
¯ °�
±²³

´µµ¶

·¾¿ should
be

less
thanÀ   º¼

.

S
ide-w

all im
purity influx sets tokam

ak 
liquid tem

perature lim
its 

Li

S
nLi (80/20)

300           400          500           600          700
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2
G

ettering
plasm

a
particles

by
the

lithium
.

(cont.)

D
euterium

experim
ents

w
ith

Licoated
w

alls
on

T-11M
(O

hm
ic

heating,
Licapillary

porous
lim

iter,gas
puffing)

(http://w
3.pppl.gov/~zakharov/M

irnov010221/M
irnov.ppt,

p.19,E
xper.

S
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inar
P

P
P

L,Feb.
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2
G

ettering
plasm

a
particles

by
the

lithium
.

(cont.)

D
euterium

experim
ents

w
ith

Licoated
w

alls
on

T-11M
.

(http://w
3.pppl.gov/~zakharov/M

irnov010221/M
irnov.ppt,

p.18,E
xper.
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2
G

ettering
plasm

a
particles

by
the

lithium
.

(cont.)

H
elium

experim
ents

w
ith

Licoated
w

alls
on

T-11M
(http://w

3.pppl.gov/~zakharov/M
irnov010221/M

irnov.ppt,
p.16,E

xper.
S

em
inar

P
P

P
L,Feb.

21,2001)
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2
P

ow
er

extraction
capabilities

ofLiW
alls

(cont.)

Increase
in

the
w

all
surface

tem
perature Á·¾¿

depends
on

the
pow

er
fluxÂ ÃÄ

ÅÅ asÁ·¾¿ ¸
Â ÃÄ
ÅÅ ÆÇÇÇÇÇÈ ÀÉÊËÌ ºÍÎÏÊ

ÐÑ
Ò ³Ì Ó

ÔÍÕ¿ÖØ×
ÆÇÇÇÇÇÈ Ñ

ÉÊËÌ ºÍÎÏÊ
Ò ³Ì

Ó

w
hereÑ

is
the

therm
oconductivity,Ò

is
the

density,³Ì

is
the

heatcapac-
ity,andÉÊËÌ ºÍÎÏÊ

is
the

exposure
tim

e.

Tw
o

types
ofLiW

alls:

1.Lithium
(sub-m

illim
eter)

coated
copper

w
alls

for
experim

ental
m

a-
chines.

2.Intense
liquid

lithium
stream

s
(�

20
m

/sec)
for

tokam
ak-reactors.

B
oth

have
extraordinary

pow
er

extraction
capabilities.

Leonid
E

.Z
akharov,Tore

S
upra

S
em

inar,F
eb.

11,2002,C
adarache

France
PRINCETO

N PLASM
A

PHYSICS LABO
RATO

RY

PPPL
20



2
P

ow
er

extraction
capabilities

ofLiW
alls

(cont.)

Intense
Lithium

S
tream

s
(ILS

):

ÉÊËÌ ºÍÎÏÊ ×
ÉÙ Å¿ÚIÛÜÓ
ÝßÞàÒ ³Ì á¾¿ ¸
��   ¬®

â °
±²³ �
ã °³
¯åä

´µµµ¶ Ó

Á·¾¿ ¸
¹  æº
Â ÃÄ
ÅÅ

�
�� ç
èé ¯ °
ê ÀÉÙ Å¿ÚIÛÜÓ

ÔÍÕ¿Ö ¸
¹�Àê ÀÉÙ Å¿ÚIÛÜ

m
m �

Ý ¹��á

Intense
lithium

stream
s

(ÉÙ ¿ÚIÛÜ
�  �¹�

sec)
have

reactor
relevantpow

er
extraction

capabilities
(even

w
ith

no
vortices

in
the

stream
s)

Â ÃÄ
ÅÅ ��
��

M
W

/m °
Ó
Ý�ë �À

M
W

/m °

in
neutronsá Ó

w
hile

keeping
w

allheating
low

,Á·ì ¹   º

C
.

E
.g.,for

a
m

iddle
size

tokam
ak-reactor

í ¸
î ¯Ó�ï ¸
��î ¯Óñð
ÃÄ
ÅÅ ¸
ÀÐ °í ï
Â ÃÄ
ÅÅ � ���òè
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2
P

ow
er

extraction.
S

olid
(w

etted)
lithium

coated
copper

w
alls

(cont.)

B
asic

properties
ofcopper:

1.*
A

tom
ic

m
ass

63.546
2.*

M
ass

density
8.96

Úóô ¨

3.*
M

elting
tem

perature
1083¼ º

4.*
B

oiling
tem

perature
2543¼ º

5.*
C

onductivityõ
at20 º

C
59.4 �� ÷ö ¡ø�ùô

5a.*
C

onductivityõ
at400 º

K
45.8 �� úö ¡ø�ùô

6.*
H

eatcapacity³Ì
at400 º

K
397.5 ûÕÚ ùü

7.*
T

herm
alconductivityÞà

at400 º

K
393 ýô ùü

[*]
“H

andbook
of

P
hysicalQ

uantities”,
E

d.
by

Igor
S

.G
rigoriev

and
E

vgenii
Z

.
M

elnikov,
R

ussian
R

e-

search
C

enter
“K

urchatov
Institute”,

M
oscow

,
R

ussia.
C

R
C

press,
B

oca
R

aton,
N

ew
York,

London,

Tokio
(IS

B
N

0-8493-2861-6)
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2
P

ow
er

extraction.
S

olid
(w

etted)
lithium

coated
copper

w
alls

(cont.)

F
or

lithium
coated

copper
shell

Á·¾¿ ¸
Â ÃÄ
ÅÅ ÆÇÇÇÇÇÈ ÀÉÊËÌ ºÍÎÏÊ

ÐÑ
Ò ³Ì Ó

ÔÍÕ¿Öþ×
ÆÇÇÇÇÇÈ Ñ

ÉÊËÌ ºÍÎÏÊ
Ò ³Ì

Ó

C
opper

in
com

parison
w

ith
Lihas

m
uch

higher
heattranport

Ý ÞàÒ ³Ì áÿ Î � �À�   ¬®
â °

±²³ �
ã °³
¯ ä

´µµµ¶ � �ÀÝßÞàÒ ³Ì á¾¿ �
Ý ¹�Àá

F
or

the
sam

eÁ·¾¿ ¸
¹   º

C
,the

tim
e

ofexposure
is

determ
ined

by

ÉÊËÌ ºÍÎÏÊ ��
�� ������ �

��� �ýô ��
Â ÃÄ
ÅÅ

�����	 °

sec

C
opper

shellallow
s

to
have Á·¾¿ ,atleast,tw

ice
bigger

than ¹   º

C
.
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2
P

ow
er

extraction.
S

olid
(w

etted)
lithium

coated
copper

w
alls

(cont.)

S
olid

lithium
coated

copper
w

alls
give

reactor
relevantcapacities

to
ex-

perim
entalresearch

m
acines

in
both



particle

control,and




pow
er

extraction
from

the
plasm

a

E
ven

w
ith

no
active

cooling
the

operation
tim

e
could

be




1-4
m

inutes
for

the
therm

al
fluxÂ ÃÄ

ÅÅ �
�

M
W

/m °

(5
tim

es
greater

than
in

IT
E

R
),and




3.5-15
seconds

forÂ ÃÄ
ÅÅ ��
��

M
W

/m °

(or
17.5

M
W

/m °

of
fullw

all
loading).

In
term

s
ofplasm

a
physics,

LiW
allconcepthas

a
transparentpath

starting
from

sm
allscale

circular
(copper

shell)
cross-section

tokam
aks

to
the

(m
inutes

long)
pow

er
reactor

regim
e
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3
C

onfinem
entand

stability
in

low
recycling

regim
e

P
lasm

a
gettering

by
LiW

alls
leads

to
the

high
plasm

a
edge

tem
perature

���� �¹ �· ���	Ê�Ú Ê ¸
��� Ä ð
� Ô�Ó
·Ê�Ú Ê ¸

��� Ä ð
� Ô�

½°
�

ð
���

heatsource.

W
ith

LiW
alls

the
m

ajor
energy

loss
channel,

i.e.,
therm

o-conduction,
can

be
elim

inated
(S

.K
rasheninnikov,D

ec.
1998).

P
lasm

a
profiles

are
determ

ined
by

the
particle

continuity
equation

�×
� �� ¸³
��
±É ¸
Ý �á Ä

and
by

the
energy

balance

�¹ �· �
�Ý Ñà��
·ë ÑÖ � �á ¸
��� Ï ð
� Ô�

Tw
o

together
determ

ine
flattened

tem
perature

profiles
in

the
plasm

a.
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3
C

onfinem
entand

stability
in

low
recycling

regim
e

(cont.)

In
non-recycling

regim
e �¹ �· �

�Ý Ñà �
·ë ÑÖ � �á ¸
� Ï ð
Ô�

S
n, ne [A

rbitrary U
nits]

X
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ensity
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T
em

perature profiles

H
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D
E

N
S

IT
Y

profile
(left)

is
predeterm

ined
by

the
centralfueling.

T
E

M
P

E
R

AT
U

R
E

profile
(right)

adjusts
itself

in
order

to
E

LIM
IN

AT
E

the
therm

o-conduction.

P
R

E
S

S
U

R
E

profile
(left)

has
a

jum
p

at
the

plasm
a

boundary.

T
E

M
P

E
R

AT
U

R
E

profile
(right)

elim
inates

the
therm

o-conduction
irrespective

to
the

heat
source

profile.
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3
C

onfinem
entand

stability
in

low
recycling

regim
e

(cont.)

F
ixed

boundary
plasm

a
&

flatenned
tem

perature
profile

results
in

a
new

core
M

H
D

regim
e:

β %
−

lim
its for Li W

all fixed boundary plasm
a
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�
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e

�
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�
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3
S

tability
offixed

boundary
plasm

a
(cont.)

C
urrentdensity

profiles
has

been
chosen

as
determ

ined
by

the
classical

O
hm

’s
law
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3
S

tability
offixed

boundary
plasm

a
(cont.)

M
arginally

stable
high�

configurations
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3
S

tability
offixed

boundary
plasm

a
(cont.)

M
arginally

stable
high�

configurations
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3
C

onfinem
entand

stability
in

low
recycling

regim
e

(cont.)

F
ixed

boundary
plasm

a
&

flatenned
tem

perature
profile

results
in

a
new

core
M

H
D

regim
e:

β %
−

lim
its for Li W

all fixed boundary plasm
a
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�
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e

�
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3
C

onfinem
entand

stability
in

low
recycling

regim
e

(cont.)

W
ithin�

lim
its

enhancem
entofDE

is
very

beneficialfor
perform

ance.

7FDE:
7 G
DE FD *E �

!CB �H$

W
ith

lithium
coated

copper
w

alls
installed

T
F

T
R

could
easily

pass
the

breakeven.
D

oublingDE

w
ould

be
sufficient.

Leonid
E

.Z
akharov,Tore

S
upra

S
em

inar,F
eb.

11,2002,C
adarache

France
PRINCETO

N PLASM
A

PHYSICS LABO
RATO

RY

PPPL
32



4
M

H
D

ofliquid
lithium

.
B

asic
R

eynolds
num

bers.

T
here

3
m

agnetic
R

eynolds
num

bers
w

hich
controllithium

M
H

D
in

toka-
m

aks

dynam
ics I

J"
K
L "NM
OP:

electro-dynam
icsI

JQ K
L "RM
SP:

dynam
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K
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4
M

H
D

ofliquid
lithium

.
B

asic
R

eynolds
num

bers.
(cont.)

C
haracteristic

flow
param

eters:

P �
H^ Z_ 8Y5`a P *H
T (
b ,9Zc :

d �
(G
`

d *HL " �
Ub ,9Zc :

d �
e G
`

d *HL " �
(^^b ,9Zc �

! U�H$

D
ynam

ic
pressure

losses
are

determ
ined

byJ"

andJ*

J"
I
fa P *H �
L "gM
OP d *h

HL " :

J*
I
fa P *H �
L "RM

S *O P f d *�
HL " :

L " M
T U VWX 8

Y5Z * [
\] �

! U�B$

M
agnetic

fields
from

the
currents

in
the

stream
are

determ
ined

byJQ

JQ I
d00jikl
#d00jmn �

L "RM
SP dh �

! U�U$
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4
M

H
D

ofliquid
lithium

.
B

asic
R

eynolds
num

bers.
(cont.)

Lithium
“w

ater-falls”
w

ill
not

flow
through

the
tokam

ak
strong

toroidal
fieldS �

^ �(Z:
OQ T
^ �HZ:
O*
TB
Z:
P
o H #eb Z_ 8Y5c :

J" �
UOQ P �
o (�p:

J* �
U S *O* P �
U SO* ! SP$ T
^ �^ ( #^ �^ He �

! U�e$

R
Z

r

P
lasm

a

e2
R

R
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R
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V
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4
M

H
D

ofliquid
lithium

.
B

asic
R

eynolds
num

bers.
(cont.)

M
om

entum
driven

thin
w

alls
have

m
any

ofunresolved
problem

s
in

lithium
M

H
DS �

^ �^ (Z:
OQ T
^ �^ HZ:
O*
TB
Z:
P
T H^b Z_ 8Y5c :

J* �
U S *O* P
T (�Bts
(^vuw�

! U�p$

r

P
lasm

a

eo
R

V
V

V

V
?

Z

C
entrifugal
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J" �
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x J" d *y iz
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4
M

H
D

ofliquid
lithium

.
M

agnetic
propulsion.

(cont.)

M
agnetic

propulsion
opens

the
possibility

forintense
plasm

a
facing

lithium
stream

s
in

tokam
aks

2{}| ~
� mnz?l #2{}| ~
� iklz?l �
J* d *lirHL " :
J*
K
L " M

S *� P
T
^ �^^ (e

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

P
lasm

a
�

D
riving

electro-
m

agnetic
pressure

2{ | ~
� iklz?l o (,9Z

2{ | ~
� mnz?l #2{ | ~
� iklz?l T (�e #B
b ,9Z

�

F
low

param
eters

P
T H^ Z_ 8Y5:
ST
^ �^ (Z

�
M

agnetic
R

eynolds
num

bers

JQ K
L " M
SP
T^ ��:
J*
T
^ �^^ (e

�
S

tream
are

robustly
stable

due
to

centrifugalforce

a�� P *�
H

o
,H� 2 ��zz 7r
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4
M

H
D

ofliquid
lithium

.
S

tabilization
by

Intense
LiS

tream
s.

(cont.)

Invention
of

m
agnetic

propulsion
(D

ec.
1998)

introduced
a

new
"resis-

tive
w

all"
conceptw

ith
theZ �

(

-like
flow

pattern
ofIntense

LiS
tream

s.

C
entrifugalstabilization

ofstream
s

(against“sausage”
inst.)

a�� P *�
H

o
,H� 2 ��zz 7r �

! U��$

C
ircular

cross-section
tokam

aks
are

the
m

ostsuitable
for

Intense
LiS

tream
s

B
eing

insensitive
to

electrom
agnetic

forces
and

stable,LiS
tream

s
con-

tribute
positevely

to
the

plasm
a

stability
over

the
fullrange

of
frequen-

cies.

T
he

theory
w

as
com

pleted
and

significant
stabilization

can
be

exected
at

JQ �
L "RM
SP
o (�

! U��$

P
rojected

value
for

the
LiW

allreactorJQ �
^ �U #^ �� .
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4
M

H
D

ofliquid
lithium

.
S

tabilization
by

Intense
Listream

s.
(cont.)

S
tability

gaps
are

insensitive
to

m
-num

ber.
F

inite�

can
be

stabilized.
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4
M

H
D

ofliquid
lithium

.
S

tabilization
by

Intense
Listream

s.
(cont.)

R
esistive

w
allm

ode
is

w
ellaffected

by
the

flow
.

F
low

-locked
m

ode
determ

ines
lim

its
ofstabilization.
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5
YachtS

ailapproach
for

tokam
ak-reactors.

Intense
LiS

tream
s

affectthe
very

fundam
entals

oftokam
ak

reactor
desing.

E
lectrodynam

ic
pressure

creates
a

stable
situation

for
the

firstw
all.

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

F
orce balancing

ropes

F
orce balancing

ropes

P
lasm

a

�

G
uide

w
all

w
orks

against
expansion

��
�

G
uide

w
all

can
be

m
ade

as
a

thin
shell(like

a
car

tire).

�
Inner

surface
is

sealed
by

the
lithium

stream
s

(insensitive
to

cracks) ��

�
V

acuum
barrier

can
be

m
oved

to
the

plasm
a

boundary
(giving

access
to

the
neutron

zone).
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5
YachtS

ailapproach
for

tokam
ak-reactors.

D
ynam

ic
balancing.

(cont.)

D
ynam

ic
balancing

ofthe
firstw

all

B
tor

Jpol
J x B
F

orce
F

orce
J x B

J x B
F

orce

Li stream

axis of symmetry

Toroidal  Field Coil

Li inlet

T
F

C
I

B
tor

F
orce balancing

ropes

F
orce balancing

ropes

H
e atm

osphere

Jpol

F
irst w

all

�

R
adialcom

ponentofthe
electrom

ag-
netic

force
can

be
balanced

by
the

setofexternalw
ire

ropes

����� ��}� �
�����
��� ������

���� �
�� ��

�  ¡¡¡¢
��£¤���

�¥¦§

w
here¥

is
the

tension
ofropes,¦¨ �©

is
the

totalthickness
as

a
function

of
position

ofthe
touch

point.

�
R

opes
are

the
best

solution
to

w
ith-

stand
plasm

a
disruptions.

�
R

opes
can

be
m

ade
from

B
e

(non-
activatable).

�

R
opes

can
be

replaced
during

reac-
tor

operation.
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5
YachtS

ailapproach
for

tokam
ak-reactors.

F
LiB

e
blanket(cont.)

Intense
LiS

tream
s

+¨«ª¬ 
© ¤¨«®
¯ �©

(i.e.,F
LiB

e)
m

ake
an

excellentF
W

/blanketcom
bination

(S
.Z

inkle,B
.N

elson,O
R

N
L)

B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

H
e atm

osphere

T
F

C
I

B
tor

Li stream

Li stream

V
F

irst w
all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

Lithium
stream

s
keep

the
w

all
tem

perature
below

m
elting

point
of

F
LiB

e

¥°���R±
²³³ ��²´³ �

µ ¥�����·¶¸
£ ¹� ±
º´³ �

Independent
of

inner
tem

pera-
ture

in
the

chanell
F

LiB
e

has
a

solid
boundary

layer
at

the
w

alls.

E
ven

w
ith

¥¶¸
£ ¹�» ���
���
�¼³³ �½

energy
losses

on
the

side
w

alls
are±

º¾
.
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5
YachtS

ailapproach
for

tokam
ak-reactors.

F
LiB

e
blanket(cont.)

S
tratified

geom
etry

ofthe
F

LiB
e

B
lanket/Lithium

stream
s

¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿

ÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀÀ

s

n
F

LiB
e B

lanket F
low

 
F

lLiB
e

Inlet

Li-F
LiB

e iterface w
all

Li stream
W

orking
coordinates

P
lasm

a

Text
E

xternal w
all

S
olid F

LiB
e

boundary layers

D

Á

Â

0.1

ª

Â

10

Ã

�Ä�Å

0.5

Æ¨ÈÇ©
ÉÅ�ËÊ

100-40

¥Ä£Ì�°��� ½ �

200

T
he

radialthicknessÁ

of
the

channelis
assum

ed
to

be
m

uch
sm

aller
than

the
lengthª

ofthe
channel.

P
lasm

a
side

w
alltem

perature
is

kept
constantby

a
fastLithium

flow
.

H
eatsourceÆ

corresponds
approxim

ately
to

10
M

W
/m �

in
neutrons.
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5
YachtS

ailapproach
for

tokam
ak-reactors.

F
LiB

e
blanket(cont.)

T
he

w
alls

of
the

channelare
kept

below
the

m
elting

point
of

F
LiB

e,
so

tw
o

solid
saltlayers

are
form

ed
on

the
w

alls
ofthe

channel.
T

he
stationary

heatdiffusion
equation

ÍËÎÏ Ã Ð
¥

Ð
Ñ �Ò ¥ÔÓÓ¤¤ÖÕ

Æ§
¥× ¥����§

³ �Ò ¥ØÓÓ¤¤ÖÕ
Æ§
¥µ ¥����

¨ ´ ÙÚ
©

together
w

ith
the

m
atching

conditions
determ

ines
the

tem
perature

dis-
tribution

in
the

flow
.

H
ere,Í

is
the

m
ass

density
of

F
LiB

e,ÎÏ

is
the

heat
capacity,Ã

is
the

velocity
ofthe

flow
,Ò

is
the

therm
o-conduction.

T
hickness

ofthe
solid

layer
is

determ
ined

as
an

eigenvalue
ofthe

prob-
lem

in
a

self-consistentw
ay.F

LiB
e

param
eters

Í
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5
YachtS

ailapproach
for

tokam
ak-reactors.

F
LiB

e
blanket(cont.)

P
rofiles

ofthe
(neutron)

heatsource
and

T
in

the
F

LiB
e

channel

S
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/cm
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eutron heat source)
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e tem
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O
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e tem
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coordinates-

F
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e
therm

o-conduction
is

so
sm

all
that

the
tem

perature
inside

the
body

ofthe
flow

is
determ

ined
solely

by
the

heatsource
pow

er
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¥

Ð
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notby
therm

o-conduction
losses.
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5
YachtS

ailapproach
for

tokam
ak-reactors.

F
LiB

e
blanket(cont.)

Tw
o

boundary
layers

of
the

order
of

1-3
m

m
are

form
ed

near
w

alls
of

the
channel.

Inside,each
ofthem

contains
a

sublayer
ofa

solid
F

LiB
e.

In
the

exam
ple

the
averaged

energy
losses

are³ Ù²ã ä
åæ Â �

through
the

plasm
a

side
w

alland³ ÙÚ
ã ä
åæ Â �

through
the

ToroidalF
ield

C
oil

(T
F

C
)

side
ofthe

w
all,w

hich
constitute

approxim
ately

4
%

ofthe
incom

-
ing

neutron
flux

energy.

F
LiB

e
seem

s
to

be
a

perfectcoolantfor
the

tokam
ak-reactor
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5
YachtS

ailapproach
for

tokam
ak-reactors.

Fabric-like
vacuum

cham
ber.

(cont.)

Itw
ould

be
notcrazy

to
think

aboutm
aking

the
vacuum

cham
ber

from
the

w
ire

m
esh

B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

H
e atm

osphere

T
F

C
I

B
tor

Li stream

Li stream

V
F

irst w
all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

�

w
all

becom
es

insensitive
to

therm
al

deform
ations

��

pulsed
regim

e
is

acceptable
(no

high-tech
for

the
current

drive);

�

deform
ations

of
the

w
all

can
be

corrected
on

the
fly

(Yachtsailapproach);

LiW
allTokam

ak
is

not
a

hostage
ofthe

requirem
entto

be
stationary.
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5
YachtS

ailapproach
for

tokam
ak-reactors.

Fabric-like
vacuum

cham
ber.

(cont.)

B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil T
F

C
I

B
tor

Li stream

Li stream

V

H
e atm

osphere

F
irst w

all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

F
eedback stabilization plates

�

w
ire

w
all,

presum
ably,

can
w

ithstand
the

high
neutron

flux;

�

activation
is

m
inim

um
in

the
neutron

zone;

�

feedback
plates

are
pro-

tected
by

the
F

LiB
e

layer
w

ith
still

excellent
electro-

m
agnetic

coupling
w

ith
the

plasm
a;
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6
S

um
m

ary

LiW
allconcept

opens
a

“high-çéè
êë

”
path

to
the

pow
er

fusion
reactor

(w
ith

a
lotofw

ork
to

be
done)

F
orthe

firsttim
e,the

renew
able

and
absorbing

plasm
a

facing
w

alls
w

ere
introduced

into
the

tokam
ak

research.

From
the

plasm
a

physics
side,lithium

w
alls

m
ay

provide

�

a
low

recycling
regim

e
(bestpossible

for
the

energy
confinem

ent);

�

low
-Z

plasm
a

facing
surface

(w
ith

a
centralplasm

a
fueling

and
sur-

face
im

purities
source);

�

reactor
relevantpow

er
extraction

capabilities
from

the
plasm

a

�

w
allconditions,w

hich
are

notsensitive
to

the
edge

plasm
a

tem
pera-

ture
as

soon
as

itexceeds
a

certain
level(about1

keV
).

�

slow
ing

dow
n

free-boundary
M

H
D

instabilities,

�

etc,
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6
S

um
m

ary
(cont.)

LiW
alls,for

the
firsttim

e,suggest

the
“YachtS

ail”
approach

for
the

fusion
reactor

as
a

solution
to

the
50

year
old

problem
of

the
“first

w
all”

in
m

agnetic
fusion.
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6
S

um
m

ary
(cont.)

YachtS
ailapproach

for
the

fusion
reactor:

in the neutron zone
activated structures
m

inim
al am

m
ount of

low
 pressure and

the reactor coolant

insensitivity to
therm

al deform
ations

high tem
perature of

is acceptable
Inductive current drive

(behind the F
LiB

e layer)

stabilizing coils

best envirionem
ent for 

feedback R
W

M

A
dditional

by lithium
 stream

s
stabilization of R

W
M

D
ynam

ically

w
all

vacuum
 cham

ber
balanced thin

stream
s

facing
plasm

a
Intense Li

F
LiB

e B
lanket

Liquid
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7
D

oes
the

tokam
ak

fusion
have

a
path

?

C
iting

S
ean

C
onnery

"Itis
im

possible",
(i.e.,conventionalm

agnetic
fusion,LZ

)

"...butdoable"
(ifthe

firstis
recognized,LZ

)

(S
.

C
onnery,

“E
ntrapm

ent”,
T

W
E

N
T

IE
T

H
C

E
N

-
T

U
R

Y
F

O
X

and
R

E
G

E
N

C
Y

E
N

T
E

R
P

R
IS

E
S

,
1999)
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8
Frequently

asked
questions.

W
hile

being
conceptually

analyzed,
m

ost
of

problem
s

and
issues

re-
quire

m
ore

theory
and

experim
entalstudies.

1.Q
.Is

the
centralfueling

possible
?

A
.

R
em

ain
unknow

n.
N

evertheless:
(a)

further
research

should
determ

ine
how

“central”
the

fuelinjection
has

to
be.

(b)
second,

the
distance

betw
een

the
m

agnetic
axis

and
the

plasm
a

boundary
in

the

LiW
alltokam

ak-reactor
is

about0.6-0.7
m

(m
uch

sm
aller

than
in

a
big

IT
E

R
).

(c)
third,new

approaches
forfueling,e.g.,based

on
M

orozov
rings,could

be
developed

ifconventionqlones
does

notw
ork.

2.Q
.W

hataboutchem
icalretention

ofD
,T

in
Li?

A
.

S
o

far,based
on

T-11M
and

P
IS

C
E

S
data,there

is
no

concern
related

to
chem

-
icalretention

ofthe
D

,T
in

Li.
D

is
released

w
hen

the
tem

perarature
ofLiexceeds

400 �

C

3.Q
.H

elium
exhaustw

as
a

reason
ofabandoning

the
w

allbased
fusion

?
A

.
H

elium
ash

should
be

retained
in

the
stream

s
for

1/4
sec.

M
ixing

only
0.1

m
m

of
the

surface
layer

w
ith

the
bulk

of
Liw

ould
be

sufficient.
A

ny
M

H
D

oscillations

and
noise,inavoidable

in
the

high-ç

plasm
a

w
illhelp

in
m

ixing.
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8
Frequently

asked
questions.

(cont.)

4.Q
.W

hy
the

plasm
a

betw
een

term
inals

ofLithium
S

tream
s

does
notm

ake
a

shortcircuit?
A

.
In

a
reactor,w

hich,e.g.,consum
es

1
g/sec

ofD
T

fuel,the
ion

currentis
lim

ited
by

0.1
M

A
.O

nly
a

portion
ofitcan

participate
in

the
shortcircuiting.

F
or

com
pari-

son,the
currentrequired

for
Intense

Lithium
S

tream
s

is
about1.5

M
A

.

5.Q
.W

hatis
the

m
ostappropriate

plasm
a

shape
for

the
LiW

alls
?

A
.

C
ircular

cross-section
tokam

aks
are

the
m

ostappropriate.
T

he
non-circular(D

-
shaped)

cross-section
deteriorates

the
centrifugalstabilization

of
the

stream
s.

It

also
m

akes
alignm

entofthe
plasm

a
boundary

and
the

w
allsurface

m
ore

diffcult.

6.Q
.A

re
stellarators

com
patible

w
ith

the
LiW

alls
?

A
.

Intense
Lithium

S
tream

s,the
basic

elem
entofthe

LiW
allfusion

reactor,are
not

possible
in

stellarators.

7.Q
.C

an
diagnostic

ports
be

m
ade

in
the

Liw
alls

?
A

.
F

or
both

solid
LiW

alls
and

for
Intense

Lithium
S

tream
s

the
diagnostic

ports
can

be
designed.

S
om

e
loss

ofpow
er

extraction
capability

is
expected.

Leonid
E

.Z
akharov,Tore

S
upra

S
em

inar,
F

eb.
11,2002,C

adarache
France

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
55



8
Frequently

asked
questions.

(cont.)

8.Q
.C

an
ILS

w
ithstand

the
disruption

?
A

.
E

lectrom
agnetically

yes.
P

robably,
they

also
can

w
ithstand

the
sudden

pow
er

deposition
(T-11M

data
on

self-protection)

9.Q
.H

ow
essentialcan

be
the

K
elvin-H

elm
holtz

instability
?

A
.

N
otfor

entity
ofthe

stream
s.

Itis
usefulfor

the
pow

er
and

H
elium

extraction.

10.Q
.Is

the
Lisupply

possible
from

outside
the

tokam
ak

?
A

.
H

igh
speed

(20-40
m

/sec)
jets

w
ith

a
sub-centim

eter
diam

eter
are

able
to

pen-

etrate
into

the
strong

m
agnetic

field.
S

uch
jets

inside
a

pressurized
pipe

can
be

used
for

Lisupply
to

inletofthe
stream

s.

11.Q
.Is

the
Liejection

possible
to

outside
the

tokam
ak

?
A

.
A

t
the

outlet
the

Li
flow

should
be

converted
into

the
show

er
of

jets.
C

ertain

level(notyetdeterm
ined)ofthe

electrom
agnetic

pressure
can

convertthe
flow

into
jets.

T
hen,they

can
fly

outofthe
m

agnetic
field

ofthe
tokam

ak.
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8
Frequently

asked
questions.

(cont.)

12.Q
.D

oes
the

flow
ing

lithium
required

?
A

.
N

otatallfor
the

experim
entalresearch

studies
up

to
dem

onstration
ignition.

A
t

this
stage,the

flow
ing

lithium
serves

againstLiW
alls.

Licoating,Lipelletinjection,
of

D
O

LLO
P

is
m

uch
m

ore
appropriate.

T
he

flow
ing

lithium
is

neaded
only

for
the

pow
er

reactor.

13.Q
.W

hatis
the

sm
allestappropriate

tokam
ak

for
LiW

alls
?

A
.

To
m

y
know

ledge,in
the

U
S

,this
is

the
T

E
X

T
tokam

ak.
Itshould

have
additional

(electron)
heating,pelletinjection,and

the
circular

cross-section.
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